Abstract An indoor mesocosm system was set up to study the response of phytoplankton and zooplankton spring succession to winter and spring warming of sea surface temperatures. The experimental temperature regimes consisted of the decadal average of the Kiel Bight, Baltic Sea, and three elevated regimes with 2°C, 4°C, and 6°C temperature difference from that at baseline. While the peak of the phytoplankton spring bloom was accelerated only weakly by increasing temperatures (1.4 days per degree Celsius), the subsequent biomass minimum of phytoplankton was accelerated more strongly (4.25 days per degree Celsius). Phytoplankton size structure showed a pronounced response to warming, with large phytoplankton being more dominant in the cooler mesocosms. The first seasonal ciliate peak was accelerated by 2.1 days per degree Celsius and the second one by 2.0 days per degree Celsius. The overwintering copepod populations declined faster in the warmer mesocosm, and the appearance of nauplii was strongly accelerated by temperature (9.2 days per degree Celsius). The strong difference between the acceleration of the phytoplankton peak and the acceleration of the nauplii could be one of the ''Achilles heels'' of pelagic systems subject to climate change, because nauplii are the most starvation-sensitive life cycle stage of copepods and the most important food item of first-feeding fish larvae.
Introduction

Motivation
Climate change is already affecting a wide variety of ecosystems (Walther et al. 2002) , including aquatic ones (Edwards et al. 2002; Edwards and Richardson 2004; Fromentin and Planque 1996; Straile 2000; Straile and Adrian 2000) , and will increasingly continue to do so if the prevailing predictions of further greenhouse warming are fulfilled. Already, now, the Baltic Sea is characterised by a strong geographic, seasonal, and interannual variability of all relevant hydrographic variables, which are closely connected to the atmospheric forcing in the region (Matthä us and Schinke 1994; Lehmann et al. 2002) . Present day interannual differences in surface temperature during winter may amount to 5°C. Seasonal temperature stratification does not start before April, while reduced salinity stratification persists throughout the winter. Based on the current knowledge [summarised by the International Panel on Climate Change (IPCC) 2001] mainly a pronounced winter warming is expected for northcentral Europe. For a doubling of CO 2 emissionsscenario '', 192a, HadCM3) an increase of annual mean surface temperatures by 3-5°C can be predicted, while winter temperature could increase by even 5-10°C (prediction for 2070-2100, compared with the reference period .
It is the ultimate research question of this study: how will the spring succession of plankton change in response to the forecasted climate changes at the beginning of the growth season? Plankton from the Kiel Bight (western Baltic Sea) is intended to serve as a model system for moderately deep water bodies, where the spring bloom of phytoplankton can start before the onset of thermal stratification. This is a pronounced contrast to deep water bodies (e.g. Lake Constance; Scheffer et al. 2001) , where there is strong coupling between the light and the temperature, because phytoplankton receive too little light for the onset of spring growth before temperature stratification begins (''critical mixing depth concept'' sensu Sverdrup 1953) . It is hypothesised that increased temperatures will accelerate heterotrophic processes more strongly than light-limited phytoplankton growth. This should lead to more profound community level changes than to a simple seasonal advancement of events. Different temperature sensitivities of seasonal growth patterns and activity patterns in food webs could lead to a loss in synchrony between prey supply and predator demand with far reaching ecosystem consequences (cf. the ''match-mismatch '' hypothesis; Cushing 1975) .
Traditional field mesocosms would have been a logical choice for the scale of experimentation needed, but temperature control of such systems was beyond our capacity. Therefore, we developed a new type of indoor mesocosm, which combined a plankton container and a benthos container serving as a source for meroplanktonic larvae and benthic resting stages of plankton organisms. The proximate goal of this study was a feasibility test of our experimental systems, concentrating on three questions:
• Are we able to reproduce the natural pattern of plankton spring succession in our mesocosms? • How long can the mesocosms be operated before containment artefacts become too strong? • Given the usual variability between replicate mesocosms, will it be possible to obtain statistically significant temperature effects?
Plankton seasonal succession According to the predominant paradigm, seasonal succession of plankton is initiated by the spring blooms of autotrophic phytoplankton. In temperate and boreal waters this spring bloom is almost a start from zero, because only few phytoplankton have survived winter. The spring bloom is initiated by the improvement of light supply (for reviews cf. Greve and Reiners 1995; Sommer et al. 1986; Sommer 1996) . The direct, physiological consequences of temperature play no prominent role in the initiation of the phytoplankton spring bloom, because of the well-known temperature independence of light-limited photosynthetic rates at temperatures >2°C (Tilzer et al. 1986 ). Zooplankton spring growth follows after the phytoplankton spring bloom, the usual sequence being first a bloom of fast-growing protozoans followed by slower growing metazoans. This sequence can be reversed, if there are strong over-wintering mesozooplankton populations (often the case in copepods). After a few weeks of zooplankton increase, grazing rates exceed phytoplankton production and lead to a decline in phytoplankton biomass and a subsequent biomass minimum in late spring/early summer (called ''clearwater phase'' in the limnological literature). While the causation of the clear-water phase by grazing has been well accepted in limnology for two decades, it is still controversial in biological oceanography (as an example for a grazing-induced clear-water phase see Bautista et al. 1992) . Obviously, there are cases where nutrient limitation and subsequent aggregation of phytoplankton lead to major sinking losses prior to the onset of heavy grazing (Smayda 1971; Smetacek et al. 1984) .
The spring development of phytoplankton and zooplankton depends differently on physical conditions during early spring: phytoplankton growth depends on light (and stratification in deep waters), while zooplankton growth depends on food availability and temperature. With identical food supply, zooplankton population growth will become faster, the warmer spring temperatures are. This temperature dependence can be accentuated if the spring population depends on the germination of resting stages. Madhudatrap et al. (1996) triggered the germination of six Baltic Sea zooplankton species (four copepods, two cladocerans) by temperature increase in the laboratory. The temperature dependence of zooplankton spring growth must have consequences for the timing and extent of the clear-water phase, as predicted by a recent model for Lake Constance (Scheffer et al. 2001) and by an analysis of field data using the present day climate variability (Straile 2000) .
However, those results cannot be simply extrapolated to marine food webs with a more complex mesozooplankton structure, particularly because copepods are not as herbivorous as previously assumed (e.g. White 1979 ). They are omnivores, which feed on protozoans and large phytoplankton, while phytoplankton <10 lm are not taken if there is enough large food (Katechakis et al. 2002; Kleppel 1993; Sell et al. 2001; Sommer and Stibor 2002) . This could lead to the following consequences of warming to the spring succession in the Baltic Sea: an earlier onset of calanoid copepod grazing would reduce the biomass of large phytoplankton while releasing small phytoplankton from grazing pressure by protozoans. Thus, phytoplankton size and species composition would change without change of the overall seasonal biomass pattern.
Methods
Mesocosms
Eight mesocosms were set up in temperature-controlled culture rooms of the IfM-GEOMAR. The experimental period lasted from 4 February to 4 May in order to encompass the winter-spring transition. The mesocosms consisted of a two-chamber system ( Fig. 1) , with a 1,400 l plankton chamber and a smaller (300 l) benthos chamber, which served as a source of meroplanktonic larvae of zoobenthos and of planktonic organisms germinating from benthic resting stages. The plankton was gently stirred by a propeller. The benthos chamber was filled with sediment from the Kiel Fjord and 20 adult blue mussels Mytilus edulis. There was a continuous, but small, exchange (on average ca. 60 l, with some variability from 30 l to 90 l) of the water between both chambers. This was sufficient for feeding the mussels with phytoplankton but was an insignificant loss for phytoplankton, even if all the phytoplankton would have been consumed by the mussels (<5% loss per day). Temperature and light regimes in both chambers were identical. The experiment was run as an almost closed system. Only the sample volume was replaced by unfiltered water from the Kiel Fjord.
Temperature regime
There were four temperature regimes (each duplicated), defined by the initial temperature difference from the decadal mean 1993-2002 in Kiel Bight, called 0, +2, +4, +6 treatments. The initial temperature differences between treatments of 2°C were maintained until the end of February and were reduced by 0.25°C per month thereafter, in order to mimic the less pronounced warming later in the year. Actual temperatures measured in the mesocosms deviated only slightly from planned ones, particularly in one of the +6°C treatments (Fig. 2) .
Light regime
Light was supplied by computer-controlled aquarist light units (GHL Groß Hard-und Softwarelö sungen, Lampunit HL3700 and ProfiluxII). Each light unit contained six fluorescent tubes [T5, types 5· JBL Solar Tropic (4,000 K), 1· JBL Solar Natur (9,000 K)]. This setup allowed the simulation of daily triangular light curves. Timing of sunrise and sundown and the maximum light intensity was daily supplied by a specialised database computer program (GHL, Prometeus). Season-dependent database values were derived from a model that is based on astronomic formulae (Brock 1981) . The astronomic peak-shaped light curve was transformed into a triangular light curve by calculating sunrise and sundown to preserve daily integrated light intensities. Light attenuation by the cloud cover was superimposed by a randomised cloud cover generator (ProfiluxII), assuming an average 80% cloud cover. We made a further reduction in light intensity , in order to account for water column light attenuation, by calculating the mean light intensity (I mix ) of a 12 m mixed water column (z; here depth of the halocline) and an average attenuation coefficient (k) of 0.5 m -1 according to the equation of Riley (1957) :
Stocking with organisms, and water exchange Initially, the mesocosms were filled with unfiltered water from Kiel Bight containing the over-wintering populations of phytoplankton, bacteria, and protozoa. Mesozooplankton was added from net catches at natural densities (ca. 20 ind l -1 ) which conforms to usual February values (Behrends 1996) . It consisted mainly of the cyclopoid copepod Oithona similis and the calanoid copepod Pseudocalanus/Paracalanus spp.
Copepod survival experiment
From 3 June to 13 July we performed a ''copepod survival experiment'' in one of the warmest and one of the coldest mesocosms in order to test whether the copepod mortality observed during the main experiment could be explained by containment artefacts, stirring or otherwise unfavourable mechanical conditions. In order to enhance food supply, the experiment was run under high light conditions, i.e. 100% surface light with the day length of the season.
Samples
Samples for nutrient chemistry, phytoplankton, and protozoa were taken three times per week (Monday, Wednesday, Friday), while samples for mesozooplankton were taken once per week. Phytoplankton and protozoan samples for microscopic counts were fixed with Lugol's iodine, while samples for flow cytometric analysis were processed immediately. Mesozooplankton samples were taken with a bucket (three times 5 l, once per week), filtered onto a 64 lm sieve and fixed with industrial methylated spirit.
Phytoplankton >5 lm and protozoa were counted by the inverted microscope method (Utermö hl 1958) and distinguished at the genus level in most cases. We aimed at counting 100 individuals per taxonomic unit, which gives 95% confidence limits of ±20%, but this standard could not be attained with rare species. Small phytoplankton were counted by a flow cytometer (FACScalibur, Becton Dickinson) and distinguished by size and fluorescence of the pigments chlorophyll a and phycoerythrin. Three flow cytometer categories were matched to taxa identified microscopically (the small flagellates Chrysochromulina, Plagioselmis, Teleaulax). Flow cytometry counts were consistently higher than were microscopic ones, indicating incomplete sedimentation in the Utermö hl counting chambers. Phytoplankton cell volumes were calculated from linear measurements after approximation to the nearest geometric standard solid (Hillebrand et al. 1999 ) and converted into carbon content according to Menden-Deuer and Lessard (2000) . Phytoplankton were grouped in four functional categories: autotrophic picoplankton (<3 lm), nanoflagellates (3-20 lm), nanodiatoms (3-20 lm), and microdiatoms (>20 lm). Flagellates >20 lm were found occasionally but never exceeded 1% of total biomass. For ciliate counts the samples were transferred to 100 ml sedimentation chambers, and, for each sample, we counted the whole area of the bottom plate in order to guarantee precise data. For bio-volume calculations geometric proxies were used according to Hillebrand et al. (1999) , and ciliate carbon biomass was calculated using the conversion factors given in Putt and Stoecker (1989) . Mesozooplankton samples were counted with a binocular microscope (Leica MS5). Copepod adults and copepodites were distinguished by genus. Copepod nauplii were not distinguished taxonomically. The rest of the mesozooplankton was separated into larval types (e.g. polychaete larvae, cirripedia larvae, etc.). As the experiment was planned to run for several months we had to keep sample sizes small in order to diminish the mesozooplankton populations as little as possible. Therefore, our samples (three times 5 l out of each mesocosm per week) did not contain enough individuals to have similarly high counting standards as for phytoplankton.
Water samples for the determination of inorganic nutrient concentrations were taken after filtration through 0.65 lm cellulose acetate filters. The measurements of nitrate, nitrite and phosphate were carried out following the standard protocols by Hansen and Koroleff (1999) . Ammonium concentrations were determined from unfiltered samples according to the protocol described by Holmes et al. (1999) . All analyses were performed on the day of sampling. Particulate organic carbon (POC) and particulate organic nitrogen (PON), as well as particulate organic phosphorus (POP), were determined from 500 ml samples filtered onto pre-combusted Whatman GF/F filters. After filtration the samples were immediately frozen and stored at -20°C. Analysis of POC and PON were carried out by a gas chromatograph after Sharp (1974) on a EuroVector elemental analyser, whereas the measurement of POP was conducted colorimetrically after oxidation with potassium peroxodisulphate, as described by Hansen and Koroleff (1999) . Samples for particulate nutrients were not measured before the beginning of the phytoplankton spring bloom.
Results
Phytoplankton
Initially, phytoplankton biomass declined until Julian days 54-63. The decrease was steeper in the warmer treatments (Fig. 3) . Thereafter, phytoplankton biomass increased to form a spring bloom. The timing of the where t sp is the time of the spring phytoplankton maximum (in Julian days) and DT the maximal temperature difference from the baseline treatment. The temperature effect on the time of the clear-water phase (t cw , defined by the biomass minimum after the spring bloom) was stronger
The magnitude of the spring bloom (biomass maximum in lg C l -1 ) was negatively correlated to temperature: While timing and biomass of the spring bloom were only slightly affected by the temperature increase, there was a strong effect on taxonomic composition. Already during the decline phase, phytoplankton composition had started to diverge. During the pre-bloom minimum, microplanktonic diatoms were dominant in the +0-treatments, while nanoflagellates dominated in the warmer ones. The relative biomass of picophytoplankton also increased with temperature. During the clearwater phase, these trends vanished. Only a unimodal response of picophytoplankton to temperature could be observed. The same compositional trend could be observed at the top of the spring bloom. The statistical significance of compositional trends was tested by a second-order polynomial regression analysis of the arc sine-square root transformed relative biomass values of functional groups [asinÖ(B group /B tot )] on DT. Except for the nanoplanktonic diatoms, all functional groups showed significant trends (P<0.05) during the prebloom minimum and during the spring bloom, while, during the clear-water phase, only the picophytoplankton showed a significant trend ( Fig. 4 ; Table 1 ).
Ciliates
At the beginning of the experiment the carbon biomass of ciliates increased in mean within Julian day 50 at the warmest temperature, until day 53 at intermediate temperature and until day 65 at the coldest temperature. The timing of biomass increase showed a significant acceleration by temperature ( where t pscm is the time of the pre-spring bloom ciliate maximum (in Julian days) and DT the maximum temperature difference from that of the baseline treatment. Thereafter, a decline in protozoan abundance was detected, followed by a transition phase characterised by fluctuating biomass. With the onset of the spring bloom, a significant increase in protozoan biomass was detected, which was, again, accelerated by temperature:
where t scm is the time of the spring bloom ciliate maximum. The abundance peak maxima were followed by a sharp decline within a few days, and minimum abundances were observed within Julian days 107-123.
Mesozooplankton
At the beginning of the experiment, the mesozooplankton community consisted of copepods (adults and copepodites; Oithona, Pseudocalanus, Paracalanus, Centropages, Temora) and meroplanktonic larvae from various benthic taxa (polychaetes, mussels, gastropods and cirripedia). Copepods clearly dominated the mesozooplankton community throughout the experiment, providing >90% of the overall abundance. All meroplanktonic larvae groups decreased continuously during the course of the experiment, indicating that no further larvae were released from the benthos chamber. The over-wintering copepod generations also decreased, but the appearance of nauplii indicated that they had become reproductive (Fig. 6) .
For the analysis of temperature effects the copepods were split into two groups, one containing all nauplius stages and the other all copepodite and adult stages (CI-CVI). We investigated the decline in the numbers of adults and copepodites by calculating growth rates as the slope of a linear regression of lnN on time. Regression analysis for the first 11 weeks of experiment revealed a faster decline of the adult/copepodite group at warmer temperatures. This trend was only of low statistical significance (P=0.03); however, it becomes more obvious if the time period of regression is split into a time period before the spring bloom (Julian days 35-68) and a time period during and after the spring bloom (Julian days 68-103). While there was no correlation for the time period before the spring bloom, growth rates were significantly more negatively affected by elevated temperatures during and after the spring bloom:
where r c is the growth rate and DT the maximum temperature difference from that of the baseline treatment.
There was a strong acceleration of nauplius production by increasing temperature, as measured by the ) on Julian days 87-91 (no temperaturerelated trend) and remained at that level until the end of the experiment. The concentrations of dissolved nitrate remained well above detection and did not usually fall below 5 lmol l -1 . C:P ratios in the particulate matter were used as an index of phosphorus limitation of phytoplankton growth (Goldman et al. 1979) , with ratios strongly above the Redfield ratio (106:1) being an indication of nutrient-limited conditions. While there was a general increase of C:P ratios during the spring bloom, no decrease was found during the subsequent clear-water phase (Fig. 7) . Overall, there was a slight tendency of nutrient limitation to be stronger (higher C:P ratios) in the colder mesocosms: log 10 ðC : PÞ mean ¼ 2:25 À 0:017DT; r 2 ¼ 0:52; P 0:0434; where (C:P) mean was calculated as the geometric mean for the period from day 68 (beginning of spring bloom) to day 110 (end of nutrient measurements).
Discussion
Feasibility of the experimental system
Overall, the mesocosm system has proven to be a useful tool to study the impact of climate change on the spring succession of plankton in the Kiel Fjord. It was possible to produce the typical pattern of in situ succession, with a spring bloom of phytoplankton, a subsequent clearwater phase (Sommer et al. 1986; Sommer 1996, Greve and Reiners 1995) , a biomass increase of ciliates, a decline of the over-wintering copepod population and the production of nauplii of the new copepod generations in spring (Behrends 1996) . The phytoplankton species lists of the mesocosms showed >90% overlap with the species lists from in situ during most of the time. While there was considerable variability between parallel mesocosms, the overall treatment effects were strong enough to produce statistically significant relationships between most biological response variables and temperature elevation. We can also be confident that the mechanical conditions (stirring, contact with container walls) in our experimental system did not have an adverse mechanical impact on the living conditions on one of the major players in the system, in spite of the observed copepod mortality rates. First, because during the copepod survival experiment (3 June to 13 July), copepod mortality rates were zero. Mechanical conditions were the same as in the main experiment, but food supply was abundant (POC of edible microplankton was always >10 lg l -1 ). Second, because the rates at which copepod declined during the main experiment were within the same range as those reported by Behrends (1996) . Her mean monthly values give the following negative growth rates for February to March: Paracalanus -0.06 per day, Pseudocalanus -0.02 per day, Oithona -0.04 per day. In situ, the beginning growth of the late spring/early summer generation of copepods is usually observed in May and reaches its peak in June (Behrends 1996) . The beginning denaturation of our experiment by wall growth (see below) precluded such a long extension of our experiment. However, in the warmer mesocosms, the nauplii obviously failed to develop further into copepodites, clearly before significant wall growth was observed. A closer inspection of the peak dates of nauplii in the warmer treatments showed that they coincided with the period of extremely low phytoplankton biomass. In the coldest treatments the decline of the nauplii occurred towards the end of the experiment, when phytoplankton biomass levels were low as well (''clear-water phase''). We conclude that food shortage was the most probable cause of both adult and nauplius mortality.
The most important deviation from natural conditions was caused by the development of a wall growth by benthic microalgae that increased with time. While this wall growth did not lead to unnatural successional patterns of plankton until the onset of the clear-water phase, it posed a difficulty for mass balances of carbon and nutrients. In addition, trapping of the nutrients in the wall growth might have delayed the recovery of phytoplankton from the clear-water phase and thus enhanced food shortage of zooplankton. Resuspended benthic microalgal species began to appear in the pelagic after Julian day 80 and to exceed 10% of phytoplankton biomass after Julian days 85-90 (50-55 days after the start of the experiment). We consider this a critical limit and will plan future experiments for a maximum duration of 7-8 weeks.
Temporal restriction is the most serious limitation of the mesocosm approach, because it does exclude the direct study of how changes at the start of the growth season influence the plankton development later in the year. Similarly, long-term responses to climate change (establishment of invading species, evolutionary adaptation of resident species) are beyond the scope of mesocosm experiments. On the other hand, mesocosm experiments form a necessary link between small-scale laboratory experiments with organisms from cultures (''microcosms'') and comparative field studies exploiting present day climate variability. In microcosms each functional group is represented by a much smaller species number and responses of functional differences cannot be dampened by interspecific differences in response patterns to temperature or indirect effects (''insurance effect of biodiversity''; Yachi and Loreau 1999) . and, thus, potential mismatch effects would be exaggerated. A comparative analysis of field data cannot exceed the current range of climate fluctuations if they are restricted to one site. If comparisons with sites from other climatic zones are included, the influence of confounding factors becomes almost incontrollable. Moreover, at least the role of invasive species can also be studied by mesocosms of our type if there is a priori knowledge about potential candidate species.
Succession patterns
The succession patterns observed in our experiments differ considerably from the freshwater ones dominated by the zooplankton genus Daphnia spp., analysed in a comparative field study (Straile 2000) and in a model study (Scheffer et al. 2001 ). In the Daphnia systems seasonal succession starts with close-to-zero levels of both phyto-and zooplankton. Both are physically controlled (light, stratification, temperature) during their initial growth phase, and top-down (grazing) control of phytoplankton does not start before high Daphnia densities are reached towards the end of the spring bloom.
In our system top-down control of phytoplankton appeared to operate from the beginning. Copepod densities were high in the beginning and conformed to natural densities. The subsequent decline was accompanied by an increase in ciliate biomass. Phytoplankton reproductive rates had to overcome grazing pressure by both components before the spring bloom could develop. Interestingly, the phytoplankton composition of the spring bloom was already preformed during the initial decline phase, when copepod densities were still high. While we cannot rule out other explanations at present, the pattern observed looked like a strong imprint of zooplankton grazing at higher temperatures. It has been shown in summer experiments that copepod grazing primarily reduces large phytoplankton, while small phytoplankton is at times even favoured, because they are released from ciliate grazing pressure (Feuchtmayr 2004; Grané li and Turner 2002; Sommer et al. 2003a Sommer et al. , b, 2005a . Contrary to summer conditions, when ciliates preferentially feed on small phytoplankton (Sommer et al. 2005b) , the ciliates in our experiment had also fed on large algae (Aberle et al. 2006) , which is quite typical for the start of the seasonal growth cycle (Montagnes et al. 1988 ). Thus, ciliates could maintain the grazing pressure on large phytoplankton even after copepods had declined to population levels ineffective for top-down control. Note, that the between-treatment differences in phytoplankton size spectra had already been established during the initial phase of the experiment, when copepods were still abundant (Fig. 4) . Their maintenance until the spring peak can be explained by the ciliates, which had, meanwhile, increased parallel with the copepod decline. While the small differences in zooplankton density between the different temperature treatments probably cannot explain the observed difference between the coldest and the warmer treatments, increased grazing rates at warmer temperatures seems a possible explanation for the more rapid decline of large phytoplankton in the warmer mesocosms. The positive correlation of copepod mortality rates with temperature during and shortly after the spring bloom can most easily be explained by a combination of higher metabolic demands and a more depleted food source at higher temperature.
While food biomass was obviously a highly important bottom-up factor, particularly for copepod survival and the development of nauplii, food nutrient content seemed less important. C:P ratios indicated moderate P limitation during the spring bloom and towards the end of the experiment, when a substantial amount of the P was trapped in the wall growth, while zthere was never an indication of N limitation. Under in situ conditions, the identity of the limiting nutrient varies both between and within years and is strongly dependent on the wind-dependent advection of different water bodies (personal observation). C:P ratios in the range of 300:1 indicate phytoplankton growth rates of ca. 30-70% of the nutrient-saturated maximum (Goldman et al. 1979; Sommer 1991) if other factors (e.g. light) impose no stronger limitation. They probably do not indicate that phytoplankton is short in P as a food source for the prevailing mesozooplankton. For the extremely P-demanding Daphnia spp. a C:P ratio of ca. 300:1 is usually assumed as a threshold value for P limitation, while this threshold must be much higher for the less P-demanding copepods (Urabe et al. 1997; Sterner and Elser 2002) .
Overall, our prediction was confirmed: that warming does not only lead to a simple acceleration of otherwise identical succession patterns. There was a modest, though significant, restructuring of the planktonic food web, most conspicuously evident in the dominance of a short, direct food chain (large diatoms fi copepods) in the coldest treatment and longer food chains in the warmer ones. Nano-and picophytoplankton cannot be consumed by copepods and were apparently also not consumed by ciliates in this case (Aberle et al. 2006) . Thus, an additional link (heterotrophic nanoflagellates) is needed to transfer matter and energy from the primary producers to the copepods.
The different shifts of temporal ''cardinal points'' (phytoplankton spring peak, clear-water phase, ciliate peaks, and nauplius peak) suggest different temperature sensitivities of the underlying processes. The biggest difference in the responsiveness to temperature was found between the peak of phytoplankton biomass (1.4 days per degree Celsius; i.e. 8.4 days over the entire range of experimental conditions) and the peak of nauplii (9.2 days per degree Celsius; i.e. 55 days over the entire temperature range). This could be one of the ''Achilles heels'' of a pelagic system confronted with climate change. First, as early juvenile stages, nauplii are the most starvation-sensitive and the most herbivorous stage of the copepod life cycle (Lopez 1996; Irigoien et al. 2003) . This can easily explain the early decline of nauplii in the warm treatments. Second, nauplii are the most important food item of firstfeeding fish larvae which are also the most starvationsensitive life cycle stage of their species (cf. the matchmismatch hypothesis ; Cushing 1975) . Central questions for the future use of our experimental setup concern the roles of light and over-wintering zooplankton:
Can the phytoplankton spring bloom be accelerated by higher light intensities (i.e. lower cloud cover)?
Does the temperature response of succession patterns depend on light, e.g. because light-saturated photosynthesis is temperature dependent, as opposed to light-limited photosynthesis. Does the density of over-wintering zooplankton influence the climate sensitivity of spring succession? Is the over-wintering success itself climate dependent?
Will invasive species dampen or amplify the effect of climate change?
